Objectives-Functional cerebral imaging PET and SPECT have shown hypometabolism and hypoperfusion in the area of vascular malformation in children with epilepsy due to Sturge-Weber syndrome. However, data are scarce in infants and do not exist in patients with Sturge-Weber disease without epilepsy. The pattern of perfusion during the first two years of life was studied including patients before the onset of seizures. Methods-Twenty two infants with later confirmed Sturge-Weber disease underwent SPECT examination using TOMO-MATIC 564 (Medimatic) and xenon-133 at ages ranging from 8 days to 25 months. Twelve had never had seizures before SPECT and seven underwent a second SPECT a mean seven months later. Cerebral blood flow (CBF) was measured in the whole hemisphere and in the part of the cortex involved in the vascular malformation on both sides as well as a "pathological to normal" index for the hemisphere and vascular malformation. These values were compared with normal age paired values. Results-Compared with controls, CBF and the indices in the hemisphere and vascular malformation were significantly decreased in patients who already had had seizures before SPECT, whereas they were significantly increased in 75% of the patients who had never had any seizures. On second SPECT, the indices were decreased in all patients, including the four who still remained non-epileptic. Conclusions-SPECT therefore detects CBF asymmetry in infants with SturgeWeber disease, which tends to shift with age. The cortex involved in the vascular malformation is hyperperfused during the first year of life before first seizures. The classic hypoperfusion appears after one year of age, even in non-epileptic patients.
Sturge-Weber angiomatosis is a neurocutaneous syndrome characterised by a congenital port wine stain, ipsilateral pia mater vascular malformation, and ipsilateral vascular abnormalities of the eye (choroidal angioma and glaucoma). 1 The diagnosis is usually considered at birth in a child with a facial capillary malformation including the trigeminal ophthalmic V1 area. 2 3 Epilepsy is a very common feature and often occurs during the first year of life. 4 5 Diagnosis of Sturge-Weber disease is confirmed by imaging investigations. Brain CT and MRI are reliable techniques in childhood to demonstrate the intracranial vascular malformation when they show unilateral hypertrophy of the choroid plexus, calcifications, focal atrophy, and hyperdensity or hypersignal after contrast injection. [6] [7] [8] [9] In infants, diagnosis of Sturge-Weber disease may be diYcult before seizures and radiological characteristics appear. [5] [6] [7] The current "gold standard" for diagnosis of the disease, which seems to be reliable even in very young infants, is pial enhancement on MRI after gadolinium administration. [10] [11] [12] There is clinical evidence that the occurence of epilepsy worsens the neurological status of patients with SturgeWeber disease. Prolonged seizures may result in definite hemiplegia whereas no motor asymmetry was detectable before the seizures. 1 4 5 Adult patients with rare seizures or without epilepsy can be socially integrated whereas children with intractable epilepsy have severe mental retardation. 1 4 5 However, progressive hemiatrophy may be present in some patients without frequent seizures. 5 13 Functional cerebral studies using PET and single photon emission computed tomography (SPECT) have shown abnormalities of metabolism and perfusion in Sturge-Weber disease. [14] [15] [16] [17] All examinations were performed in epileptic children interictally, and showed hypometabolism and hypoperfusion in the area of vascular malformation, which was usually more extended than the associated abnomalities on CT and MRI as it included the cerebral parenchyma under the malformed pia mater. These studies concerned children with a large range of ages, but there were very few patients under two years of age. In the three youngest infants, a paradoxical interictal pattern of hypermetabolism and hyperperfusion has been reported. 14 18 The purpose of our study was to define whether a characteristic regional cerebral blood flow (rCBF) pattern does exist before any seizures in patients with Sturge-Weber syndrome. Because a progressive process has been suspected from radiological data, we focused on a population of infants younger than 2 years.
Patients and methods

PATIENTS
Twenty two patients entered in the study, 14 boys and eight girls, aged from 8 days to 25 months, with confirmed Sturge-Weber syndrome at follow up based on the presence of at least two features among facial port wine stain, seizures, and CT or MRI abnormalities (table 1) . Twelve patients had never had seizures before SPECT imaging. Among the patients without seizures, seven underwent two SPECT examinations. The control population came from a previously published study. 19 These subjects had transient abnormal symptoms (sleep myoclonia, syncope, benign neonatal convulsions, or facial port wine stain without Sturge-Weber disease) and cerebral imaging was needed to confirm the integrity of the brain; they all had normal neurological examination, EEG, and CT at the time of the investigation. In all patients informed consent was obtained from either the parent or guardian after a full explanation of the investigative procedures. The study of control patients was also approved by the institutional and technical ethics committees for radiation studies.
METHODS
The SPECT was performed in accordance with the ethical committees of French Public Hospitals and the French Atomic Energy Committee guidelines, and with informed consent of the parents. The rCBF was measured using a TOMOMATIC 564 (Medimatic), a high sensitive brain dedicated SPECT system and xenon-133, 19 injected intravenously at doses ranging from 74 to 148 MBq/kg. The radiation dose to the target organ, the lung, was 2.5 to 4.5 mGy. Acquisition began as soon as the tracer had been injected and lasted five minutes. To prevent the head from moving during acquisition, the children received 4 mg/kg rectal pentobarbitone and either 50 mg/kg oral chloral hydrate or 0.5 mg/kg intramuscular droperidol. The system provided five axial 20 mm thick slices, parallel to the orbitomeatal line. rCBF was measured in 18 circular cortical regions of interest (ROIs) per slice to calculate hemispheric CBF and rCBF in the vascular malformation. Two hemispheric CBF values were obtained at each SPECT study by averaging the nine ROIs of each side on the three central slices. To assess rCBF in the vascular malformation, we localised the hypoperfused area found on SPECT images in a given patient and corresponding to parenchymal abnormalities on CT or MRI. rCBF was calculated in four cortical regions (frontal cortex, sensorimotor cortex, polymodal parietotemporal associative cortex, and unimodal parietotemporo-occipital associative cortex), by averaging several ROIs on diVerent slices according to a previously reported procedure. 19 Angioma localisation was expressed in relation to these four regions and rCBF in the vascular malformation defined by averaging the CBF values of those aVected by the vascular malformation. The corresponding rCBF was also calculated on the normal side. Two types of indices were statistically analysed: absolute CBF values and the index of CBF. The index was defined as follows:
2 × CBF on vascular malformation side − CBF on normal side CBF on vascular malformation side + CBF on normal side.
For each patient, we therefore calculated (table 2) hemispheric CBF on the vascular malformation side and the normal side; Figure 1 shows an example of this pattern. By contrast, indices and absolute CBF values were not diVerent between controls and patients who had never had any seizure before SPECT. Moreover, nine patients (1, 2, 3, 4, 5, 7, 8, 10, and 11) exhibited positive indices whereas only three (6, 9, and 12) had negative indices, as in the previous epileptic group. When comparing these nine patients with controls, we found significantly higher indices (hemispheric 0.081 v 0, P=0.0071 and regional 0.121 v −0.004, P=0.0027) thus suggesting that the perfusion was higher in the vascular malformation than in the contralateral hemisphere. Figure 2 shows an example of this pattern.
SECOND SPECT EXAMINATION (TABLE 3) Seven out of these nine patients had two SPECT examinations at a mean seven month interval and three of them (5, 10, and 11) began seizures between the two studies. At the The values in parentheses correspond to the normal values for the same age. CBF = cerebral blood flow; Hem CBF = hemispheric cerebral blood flow; rCBF = regional cerebral blood flow; Hem = hemispheric; Reg = regional; m = months. 
Figure 1 Interictal SPECT image obtained at 7 months in a girl
Discussion
This study provides the first assessment of functional imaging in a series of infants with Sturge-Weber disease at early stages, before the appearance of any seizures. The pattern of perfusion was diVerent from that which has been described in epileptic patients as CBF was increased on the side of the vascular malformation in most patients who had not had seizures.
Then, CBF tended to decrease at the end of the first year of life, thus confirming that the course of the disease may be spontaneously progressive. Moreover, the classic hypoperfusion of the vascular malformation can be present as early as 2 months of age in the patients who presented with early seizures. This confirms that seizures are responsible for the decreased flow and suggests that epilepsy acts as an additional worsening factor in Sturge-Weber disease.
METHODOLOGICAL CONSIDERATIONS
The SPECT method used for measuring rCBF by inhalation of xenon-133 has been validated in adults. 20 The method has been adapted for young and uncooperative children by replacing inhalation with intravenous injection and by adding premedication. 19 21 Because patients and controls have been investigated here with the same procedure, their CBF values are comparable. Most patients were receiving antiepileptic treatment when SPECT was performed. Antiepileptic drugs are known to induce global functional changes in the brain. Phenobarbitone and carbamazepine decrease brain glucose metabolism and therefore CBF by about 20% but they do not induce any regional changes. 22 A hypoperfusion restricted to the side of the vascular malformation is therefore unlikely to result from a drug eVect. Moreover, such an eVect should be cancelled by using a left to right index. Two previous studies reported changes in metabolism and CBF with age in normal children but they both considered the mean of right and left hemispheric values. 19 23 It seems that asymmetry between the hemispheres exists, even in the first years of life. 24 In the present study, we therefore chose the control values for each patient according to age and to hemispheric side. Such a procedure allowed us to avoid any artefactual diVerence due to age or physiological asymmetry.
ETHICAL CONSIDERATIONS
In adults, control populations for PET and SPECT studies are rather easily obtained among normal volunteers. Such a practice is ethically and legally prohibited in children so that a normal control population is unobtainable at this age range. The only means of obtaining control values is to collect a population of children exhibiting transient neurological or apparently neurological events in whom cerebral imaging was needed but who The values in parentheses correspond to the normal values for the same age. CBF = cerebral blood flow; Hem CBF = hemispheric cerebral blood flow; rCBF = regional cerebral blood flow; Hem = hemispheric; Reg = regional; m = months.
were subsequently shown to have developed normally. Two such challenging studies were performed and provided the unique "historical" reference values for metabolism and CBF using FDG-PET and xenon-133 SPECT respectively. 19 23 FUNCTIONAL IMAGING AT EARLY STAGES OF
STURGE-WEBER DISEASE
Up to the present study, the patients with Sturge-Weber disease who had undergone PET or SPECT cerebral imaging, were mostly aged over one year and were all epileptic before imaging. The damaged hemisphere was hypometabolised or hypoperfused.
14 17
The present study shows that such a hypoperfused pattern may already be present before one year when patients have exhibited seizures since the first months of life. As in older children, hypoperfusion extends beyond the abnormalities depicted on CT and MRI as it often affects the whole hemisphere. The remaining population of this study, although aVected by SturgeWeber disease, had not yet exhibited any seizures when functional imaging was performed. Before one year of age, SPECT disclosed a paradoxical pattern of increased rCBF in the cerebral cortex of the anatomically aVected hemisphere in three quarters of the patients. Such a functional pattern on the side of the vascular malformation is pronounced enough to be detectable not only in the part of the cortex aVected by the lesion but also in the whole hemisphere. This paradoxical interictal hyperperfusion has been exclusively seen before the age of one year in our series as well as in other reported cases. 14 18 From our data, interpretating this early pattern remains diYcult because of the high interindividual variability of the absolute rCBF values in young infants. In some patients, rCBF is increased not only on the pathological side but also on the contralateral side. As a result, the index comparing both sides seems a better means to assess asymmetry between cerebral hemispheres. How can hyperperfusion in infants who never had seizures be explained? The paradoxical pattern of hypermetabolism in isolated infants with Sturge-Weber disease 14 has been related to a possibly accelerated myelination during the first months of life, as suggested by a few MRI images which disclosed focal hypermyelination in infants with Sturge-Weber disease. 25 26 Although controversial, this hypothesis could also apply to hyperperfusion. Subsequent SPECT imaging in these non-epileptic infants disclosed the typical hypoperfusion seen in older patients with Sturge-Weber disease with seizures. Chugani et al reported a similar shift from hypermetabolism to hypometabolism in an epileptic infant with Sturge-Weber disease who had had two PET studies at eight and 24 months.
14 Two factors may be causally related to decreased CBF in our series; the presence of seizures and also the age, as the patients with seizures were older than those without. Therefore, the serial CBF changes we found in the present study suggest that Sturge-Weber disease is a spontaneously progressive disease in which seizures may be an additional worsening phenomenon. Cerebral perfusion is modified in Sturge-Weber disease. 27 The superficial meningeal vascular malformation is responsible for the obstruction of normal venous return. Then, ischaemia progressively develops in the area of the brain that underlies the vascular malformation and involves cortical and subcortical regions. Obstruction of the normal venous return produces an abnormal drainage into the deep plexus and hypertrophy of the choroid plexus visible on CT. This complex circulatory condition may explain why seizures are potentially severe and usually followed by a defect of blood flow in the area of the vascular malformation. However, the role of seizures in Sturge-Weber disease will only be clarified by ictal CBF studies.
Conclusion
A study of CBF using SPECT in young infants with Sturge-Weber disease discloses a special functional pattern before the onset of seizures. During the first months of life, the vascular malformation tends to be hyperperfused. The pattern switches to hypoperfusion at the end of the first year, accelerated by seizures and due to progressive ischaemia in the parenchyma underlying the vascular malformation. Further studies are needed to elucidate the role of seizures and to confirm the progressive course in children with Sturge-Weber disease without epilepsy.
